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LOCAL STATES IN ONE-DIMENSIONAL CDW MATER IALS;
SPECTRAL SIGNATURES FOR POLARONS AND BIPOLARONS
IN MX CHAINS

B. 1. Swanson, R. J. Donohoe, L. A. Worl, A. D. F. Bulou,
C. A. Arrington, J. T. Gammcl, A. Saxena, and A. R. Bishop
Los Alamos National Laboratory, Los Alamos, N.M. 87545

JNTROINJCIION

Halide-bridged mixed-valence metal linear chains (HMMCS or MX) are anisotropic

solids that exhibit elecwonic properties dominated by strong electron-phoncm and

electron-electron interactions. ] The low-dimensional nature of these materials

allows simplification of’ theoretical model ling and provides a means by which the

electronic properties can be experiment:illy tuned in a predictable manner. This

tuniibility includes alteration of the ixisic chemical composition of the chain and

perturbation of the chain by external forces. The fom~er method is primiirily

associated with the choice of the metal (M, typically from the platinum group) and

bridging halide (X) components and, to a much lesser extent, the ancillary Iigands

and counterions. As an example, chloride-bridged platinum chains (PtCl) are

charge density wave (CDW) materials with the chlorides displaced off the central

position toward alternate metal sites. This Pcierls distortion leads to oxidation

states for the alternate metal sites that approach +2 and t4,a charge transfer band

edge near 500 nm and insulating/senliconducting electronic properties,z In

contriist, NiBr cktins exhibit no Peieds distortion, +3 metal sites, rm absorption

edge near 1000 nm itnd antiferromagnetic character suggestive of a spin density

wave (SDW) nutteriitl.s In general, the strength of the CDW phase increases for the

metal series NicPdePt and for the hnlidc series IdlrcC1.

In addition to chemical tunability, the electronic properties of MX materiids

can be altered through cxtcmal perturbations such as application of prcssurc4 or

defect-inducing approaches such ns doping and photolysis,s These methods may

prove to be fruitful in the search for a i~~et[~l-it~s~lliitortransition in l{MMCS. In

particular, much of the electronic chnriictcr of 1iMMCs is dctcrmincd by the nature

nnd level of defects; these include viilcn~c irrcgulilritics in the metnl sites SUCI1 ns

electron nnd hole polarons (Ptlll at silts thnt nrc normally Pltv nnd 1*11,rcspectivcly)

i~tid bipolarons (two extrit or missing chnrgcs) i~sWCIIns domnin walls in which the



phase of ‘1-e CDW (or SDW) may become reversed. Structural def~cts, such as

chain ends, missing counterions or contaminated M or X sites, can dso occur.

We have undertaken a combined theoretical and experimental effort directed

toward the examination of both the ground and defect states in HMM’C materials as

they are tuned within and between broken symmetry phases. Nove! low-

dimensional highly correlated electronic materials offer a difficult theoretical

challenge as we must span from a description of electronic structure on a molecular

scale to the meso scale structure that is intrinsic to these solids. Our theoretical

effort at Los Alamos combines quantum chemistry, hand s:ructure calculations, and

m;tny body modeling using Pcierls-Hubbard Himiltoniims (i.e.. incorporating both

electron-phonon and electron-electron interactions) in order to model ground and

local states, The experimental effort combines synthesis and a variety of

microscopic structural and spectroscopic probes and macroscopic measurements in

tin effort to fully characterize both ground and local states as these materials are

turwd in the phase boundary regions between broken symmetry states. The present

article summarizes some of our recent research using optical spectroscopy to obtain

signiitures of photoexcited iind intrinsic local Stiites and compares these

~xp~rit]l~ntiil results with Pcicrls-Hubbard calculations of the optical properties of

these materials, Dettiils concerning the theorcticid and experimental approaches can

bc found clscwhcre. 1b~~17

M2K?dNLWWUiiF~~ STAT F~~ND ~ 7-B~D Ma

lhc PICl solid [Pt11(cn)2]l PtlV(en)zC :l(C104)4 (en=ethylenediarnine) hits been

intensively examined both for ground and defect state propertics,5*7*~l~ Kurita’s

group was first to notice thiit rnetastable levels of defects can bc generi~ted by

photolysis of the P(CI crystiils within the intervirlcncc charge transfer band (IVC1’)

iit low Icmpmnturcs, s ‘1’hc e!evittcd defect concentration was rmtnifcsted by

it~~r~iisd intensity in the s(]b-~iip defect absorption biln(is, the So-ciilled A itnd B

bands, (Ililt ilrc observed immcdiiltcly to the rcd of the IVCT edge, with a

~ot~~ot~~itiit~tincrciisc h thr IWR Signiil intensity ilnd conductivity. Interestingly,

the it)crciiscd defect levels were reversibly removed upon wiuming of the Si{n)plc to

r{)(jrll tctllpCriillllXo 13(! CiiilSC (IIC ptl~)t(l-ir~~i~]cct!d~fc’~ts ttrt! piir’ilJ’lilgllCliC, KUritil

tcr]tiitivcly iittrib~ltcti tt~cll~to poli~rons thilt iirc gcncri~tcd viii electron ho]c pnir

!Xl)ilriltioll Of tllC cxt’itonic ChiMgC tr[lnsfcr StiltC. Cotlfirrniltiorl of this iiSSigllnWllt

WilS prot’i(icd i~your grolli? when u nlid-infrilrcd itbsorillion billld ((7 hilnd) wits nlso

oiwrvwi h) gilirl intensity Uix)n photoiysis witilin the lV(”i’, H Tile grow-in of this
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low energy electronic transition and its decay at elevated temperatures mimic the

behavior obsen’ed by Kuritaerul. for the Aand Bbands.5 This result agrees with

the predicted absorption characteristics of polarsm defects as modelled by Bishop er

ul,fI In addition to the electronic absorption features, we observed increased

resonance Raman intensity for (WO sets of defect vibrations. T The first set is

associated with a peak at 287 cr,l-l and the secon~ with a peak at 263 cm-l. We

noted thitt an excitonic intermediate might be expected to yield bcth hole and

electron polarons and tentatively assigned the 287 cm-l peak to hole polarons and

the 263 cni”’ band to electron pol,arons. Subsequent lattice dynmnics calculationslo

support these assignments.

The nlany-body model Hamiltor.ian developed by Bishop ef al.d is specific to

the MX materials in that it includes both the half-filled metal and fdled halide bands,

This 3/4-filled, 2-band approach is in contrast to a typical treatment in which only

the metal band is considered (l/2-filled l-band). Several distinct results are

generiited by the 2-band Hamiltonian. Among these is the prediction. of asymmetry

in the electronic properties of electron and hole valence defects. The l-band

treittrncnts predict that the electron and hole defect states for polarons are

isocnergctic while the proximity of the halide band to the \alence portion of the

metal band removes this symmetry in the 2-bimd calculations, We have strong

evidence thtir asymmetry does indeed exist. The enhancement regions for the 287

and 263 CM-l defect modes upon probing the A and B absorption bands are shown

in Figure 1,

(T ....
————~

Figurel, Tl)eAanct Ilatmrpticmfcam
fa e.kctmn(e)ad hole (h) pdarm (k&a
aadewlnineid bymamancc emneemm
of ho 263 ●d 287 cm”~ modes,
KSpecthely,

At the red edge of the A bi]nd and

coincident with the 13 band,

enhancement of the 263 cm-l mode is

observed while the 287 cm I band is

cnhitnccd at the l]~it)(imtlt)l of the A

bitndand it~~tlwdii~tciyto the rcci of the

IVCT edge, This ordering of defect

sti{tes is (~~lili]titittivCly reproduced by

the 2-biltld c:ilculi~tion, ‘1’htls, the

mwicl of Ilishop {’[~~i.~l~rcdicts A

(gap to gap) and II (g:~p tc~bumi or

band to gap) trilnsitk)ns for the PtCl

h.llc (h) [itld electron (c) p(>lilrot]s in

the follow’inl: order: ALS<AII<II(!<IIII,

3
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Although the Z-band model appears to be quite successful in this matter,

asymmetry could be due to preferential pinning of one type of defect at a pre-

existing defect site, I lowever, further support for the 2-biind model is provided by

the experimental observation of absorption features immediately above the lVCT

band (ultragap states, see below) that can be attributed to defect state transitions

between the halide imd metal bands. We are currently examining the ultragap and

sub-gap defect states to examine their behavior as a function of the strength of the

CDW phase. The 2-band model includes specific predictions with regard to the

effects of relaxation of the CDW on defect states.

PtBr. PtI. AND MIXED+AI.lDE SYSTEMS

Spectral studies of intrinsic and photoexcited states in PtBr and PtI, while presently

more limited in scope, have also been performed. PtI has an asymmetric photo-

induced absorption feature immediately to the red of (he lVCT edge. 11 As is shown

in Figure 2, n photo-induced A band like feature can also be observed for PtBr. We

find that the energy of this transition is in good agreement with that expected for a

polaronic defect,

m

Figure 2. ‘I%cphoto-inducul nwtastablc
absorptionfeatureforPtBr,

This absorption btlid, like the A

and 11 bands of PtCl, is stable at

low temperature and slowly

disappears when the sample is

wamwl to room temperature. We

have also observed increased EPR

signals for both PtBr and PtI

upon photolysis but hiive not yet

verified that, like the absorption

bi~nd, these signals are

Inctastahlc.

[Jnlikc PtCl, the photo-induced IIPR signals for Pt13r and 1+1show no cvidc, wc for

Pt hypcrfinc coupling. “Ilm photo-indliced IJ>R sigt~iils arc Csscr]tiiilly id~*ntical to

those reported by Kitwamori cf (11.for the unphotolyzcd Crysti\l\, t 2 In wldition,

I oth PtI and PtIlr d~tllf~t~strittcstrong Siiillplc depcndcncc in the ittl~(~iltltof indmvd

UPR signal; not illl SillllplCS exhihit this bchilvior,

Uiirlicr rCSOt)i\IKC Ri\ltlilIl studies of sin~llc crystal PtBr Ut low lClllpClillU1’CS

showcd cvidcncc for complex fine strt]cture in the symmetric strctuh Chi~ill nmdc

(VI ) illl(j tddilional lTS(llliillCC Cl)llilllCCd fCi\tUr’CS IIS OIIC tillld to th(! I}IUC of thC I)iill(l
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edge (ea. 800 nm).ls l’hese studies demonstrated VI tcj be comprised of at least

five components (168, 171, 174, 177, and 181 cm-’) each with its own excitation

profile; Ihe lowest frequency component dominates with excitation near the band

edge while the maxima for the excitation profiles for each higher frequency

component shift monotonically to the blue. This fine structure was variously

attributed to differing correlation lengths along the chain, differing interchain

structures, and intrinsic and photo-induced defect states.

Keller e? al. reported the presence of two types of PtBr crystals, one with an

orthorhombic unit cell and one with a monoclinic cell.14 We have recently studied

the simple dependence of the resonance Raman spectra of PtBr and found that the

orthorhombic form (all earlier studies had been performed on the monoclinic

polymorph) exhibi:s unusually high relative intensities for modes around 310 cm-l.

The frequencies, relative intensities and excitation profile of the fine structure of the

feature at 310 cm-l are in remarkable agreement with whm is observed for the V1

chain mode for pure PtC1. Subsequent NMR studies of the composition ●f crystals

formed using several different synthetic routes showed clear evidence for Cl- ion

doping in the PtBr samples. 15 In effect, PtCl and PtBr form solid solutions that

range in composition from pure PtRr to pure PtC1. Furthermore, the origin of the

two different polymorphs of PtBr is a result of the Cl- ion concentration and a

temperature-induced phase transformation from monoclinic to orthorhombic forms

that occurs u 292 and 302 K for pure PtCl and Pt13r, respectively, Virtllally all

earlier studies of Pt13r have beerl performed cm sam~les that have subs~antial Cl-

impwity leve!s and we believe that this is the source of the very different behavior

of photoexcited states in PtCl and PtBr. This inadvertent Cl- ion doping iilso gives

rise to most of the intense resonimcc rmhanced fcittures in the earlier Raman studies

(below).

NWNSJc AND i)1 ]~r QgNDUCEDD~lN PUR~

We hiive performed rcscnance Rarr,itn studies of P;13r with less th[in 1% Cl-

impurity where the cxciii,ticm wavclc.ngth hits been tuned to the red (750-970 nm)

iind the bl’le (750-488 nrn) of the lVCT bimd edge. Spectra (>btiiincd with

exciti~tion to the rcd of the h’md edge (Figure 3) show, in addition to the VI

fundiuncntal nt 1()()cm-1 iln~iits overtones, broad fci~tures at ci~. 15(1und 130 cm-1.

‘H~emaximum in the excitation pro!ilc for the 150 cm-’ fe;lture is found irnmcdiiitely

to the red of the bi~nd edge while thilt for the 130 cm-1 feature is further to the rcd

(~it. l(MNnm).
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‘Snm -m-L_

SQ 1s0 2s0
Cnf’

Figure3. Rarnanspcctra fmP@r(l%Cl)
obtincd bdOW lk lVC’Tband dge vdh
the Iistd cxciIationwavckngIhs.

On the basis of lattice dynamic

calculations for charge defects in

PtBr and the calculated

absorption using Peierls-

Hubbard models, we attribute the

150 cm-] feature to an electron

polaron and the 130 cm-] band to

an electron bip~laron.

Preliminary studies of the change

in the resonance Rarnan after

pho[oexcitation into the IVCT

band indicate that the feature at

130 cm-l grows in intensity.

Rarnan spectra obtained with excitation to the klue of the IVCT band edge are

shown in Figure 4. With excitation in the range 750-600 nm, only the VI

fundamental and its overtones are observed. Excitation at 568.2 nm shows

evidence for a component at 171 cm-] and additional components at 175 and 181

cm-l appear with excitation further to tile blue.

L,
S68<2 nm

130 210 no 110 No *

cm”’

Figure 4, Raman spectrakx PtBr (1% Cl)
obtained ●bove the IVCT bard edge with
the listed excitation wwckngths.

While the wavenurnber positions

for these additional v 1 components

are the same as those observed for

samples doped with Cl-, their

excitation profiles are shifted well to

the blue, At present, it is not clear

whether the components at 171,

175 and 181 cm-l tirise from the

small residual amount of Cl- ion left

in the s~mple, from photoexcitaticm

into the IVL2, or are intrinsic to the

undoped Pt13r lattice. Lattice

dynamic calculations do indicate,

however, that the Ratnart modes for

hole polarons and bipolarons are

expected above the VI fundamental

~ttcti. 181 and 183 cm-l,
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respectively, and it is likely that hole defects are responsible for the fine structure

observed in the V1 band upon excitation above the IVCT band in pure PtBr.

Irrespective of the assignment of the features at 171, 175 and 181 cm-l

observed in the Rarnan, it is clear that their excitation profiles and, therefore, their

absorption bands are well to the blue of the band edge. The observation of

‘ultragap’ states (absorption for defects well to the blue of the band edge) is

important as it can only be explained

halide band.16

o

to arise from discrete states pulled from the

k
Jbm
J’LJ’cum
*

I so ?10 *?C 119 Tao

,.1

Figure 5. (31CUtstcd differenceabsu@cMl
spectra for the M?( chsins with electron Figure 6. Rarnan spectra for PtBr (12%

(-o.) and hole (—) bipchon defects. (2I) obuird above the IV(3’ band edge

‘1’lu top spectra uc dMwd for a strong with the Iislcd excitation wavelengths.

CDW system and he bouan for a weak
CDW system. The abscissais normalized
10UK Ivc’rcdgc (= 1).

Peicrls-Hubbard calculations based on a 3/4-filkd 2-band model, where the halide

bands are explicitly included, are consistent with these observations. Difference

spectra calculated via this Peierls-Hubbwd approach that correspond to the presence

of electron and hole bipolarons are shown in Figure 5. While electron bipolarons

for strong CDW solids (PtCl) only show evidence for gap state absorption, hole

bipolarons show a strong absorption in the ultragap region at ca. 1.5 of the IVCT

band edge.

As the charge disproportionation decreases (towards a weaker CDW such as

PtBr) this ultragap absorption broadens and shifts further to the blue and weak

ultragitp absorptiuns begin to appear for hole polarons (not shown). On the basis

of these Pcicrls-IIubbard ctilcukitions and the lattice dynamics we attribute the

resonance Raman features observed well to the blue of the band edge to hole

polarons and hole bipolarons.
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-E TRANSFER EDGE STATES IN MIX~D HALIDE SOLIDS

Resoni-ince Raman studies of mixed halide solids (Cl- doping in PtBr, Br- doping in

PtCi, and Br- doping in PtI) show surprisingly complex spectra with numerous

defect vibrations in the ultragap region. By way of example, the excitation

dependence to the blue of the band edge for a sample with 12% Ci- doping in PtBr

is shown in Figure 6.

On the basis of concentration dependence studies, photoexcitation studies,

Peierls-Hubb,ard calculations, lattice dynamics, and excitation dependence studies

we have assigned the observed Raman modes to specitic defect states. These

mixed halide systems show a relatively high concentration of charge defects; for Cl-

doped PtBr we observe hole polaron in the PtCl segments of the chains and electron

pohuons and bipolarons in the PtBr part of the chains. For example, the band at ca,

290 cm-l observed in tuning [owards the blue (Figure 6) corresponds to the PtCl

hole polaron state.

In addition to chtarge defects, the mixed halide solids show evidence for edge

uhragap states that arise at the interface between differing halide segments along the

chains, The mode at 210 cm-l is an example of such an edge state. This mode

arises from the bromid part of the lattice and is only observed when Cl- ion is

present in th: lattice for PtBr; a similar mode is observed for Br doped PtCl and

PtI. On the basis of its wavenumber position and lattice dynamic calculations, we

attribute this mode to a Raman aIIowed component of the IR active asymmetric PtBr

stretch for a PtBrZ unit that neighbors a Cl- segment. The strong Raman

enhancement observed for this feature is consistent with charge transfer and net

polarization of the PtBr2 unit by the neighboring PtCl chain segment.

We have begun to mode! mixed halide solids in a self consistent manner using

the Peierls-Hubbard Hatniltonians developed for the pure PtX solids and, by way

of exatnple, present results for PtCl segments in a PtBr chain. The PtCl segment in

the model sliown here represent four PtC12 units in-bedded in a chain of PtBr. The

permrbation of the normal PtBr CDW structure upon addition of a PtCl segment is

shown in Figure 7. Within the PtCl segment, the CDW structure is nearly that of a

pure PtCl lattice. However, there is a difference in the charge distributions at the

interfiice of the two structures, Note thiit the reduced Pt site between the two types

of lattice appears to nearly mimic the norm! PtCl reduced site in terms of charge

den.iity. Also, the Pt13r2 site ncitrcst the in[crface has been perturbed by the PtCl
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latticein that the metal andthebrom]de neiirestthe?t~l segment have become

somewhat more positively ch~rged and the bromide nearest the P[Br segment more

negatively charged (x1O excess charge lines) with respect to the nomlal PtBr lattice.

Thus, the PtBr2 site near the interface is beginning to manifest the charge

distribution within the PtCl structure and is polarized. These charge fluctuations

lead to predicted absorption intensity above the normal PtBr IVCT as well as the

unusual resonance enhancement for the ungerade IR active PtBr stretch. It is also

possible that these interface sites act as pinning sites for valence defects. We are

currently investigator, g the preferred location of valence defects in this scenario as

well as one in which the PtClz sites are randomly distributed (essentially isolated at

low dopant levels) within the lattice.

o

Figure 7. ‘he exeesschargedensity(with
rqw[ to the normal PtBr lattice) of ●

PtCl segment within a PtBr chain. The
dashed line indicates whcwcthe excess
charge density has been multiplied by t
fwtorof 10. The diamondsare the haticks
and the CifCkS the mctats. ~ 8 ~- ions
have Mea darkend to indicatethe location
of the PtCl domain.

In general, we find charge

tmnsfer at the interface to create

ultra gap edge states a~d

resonances within the IVCT

band well to the blue of the

band edge. These results are

entirely consistent with our

resonance Raman studies that

show evidence for numerous

ultra gap states with

enhancement of vibration as

characteristic of both PtCl and

PtBr segments in the mixed

halide solids.

co~c LLJSIONs

In conclusion, MX solids are novel low-dimensional, swongly correlated electronic

materials where the electron-electron and electron-phonon forces can be chemically

tuned in the phase boundary region between differing broken symmetry ground

states. These materials exhibit a rich spectroscopy for intrinsic, impurity doped,

iind photoexcited lociIl states that can be modeled using a 2-bitnd Peierls-Hubbard

Iiiirniltonian, We have been able to observe Spec.triil signiitures for hole and
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electron polarons and bipolarons using resonance Raman, infrared and near-lR

absorption, and EPR spectroscopes and have foond good agreement between these

observations and spectral properties calculated using Peierls-Hubbard many-body

approaches. We have also observed charge transfer between differing segments of

mixed halide chain solids that gives rise to charge and spin defects as well as edge

states. In addition to local states with absorption in the gap region, we have

observed defect states with absorp[ions in tl}e u!tragap region well to the blue of the

band edge.
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